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ABSTRACT

Recent aviation gasoline price and supply problems have created a reed for
general aviation airplane engines that burn kerosene. N.A.S.A. rasearchers
have determined that a stratified charge Wankel engine is a likelv engine
choice for this purpose. This paper describes the initial work towards
modelling such an engine.

A zero~dimensional (or thermodynamic) model of a spark ignition engine has
been constructed. Three engine performance loss submodels have been
included; they are heat transfer, gas leakage, and crevice volumes.
Previous models of the Wankel engine have not included a model of
performance loss resulting from crevice volumes.

Preliminary rotary engine performance testing is being conducted by
N.A.5.A. on a gasoline, spark ignition Wankel engire. Motoring data from
this engine was used to calibrate the computer model. A shortage of firing
engine data has made the calibration incomplete but the reported values of
crevice volume and leakage area are 0.875 cm3/apex and 1.0 mm2/apex
respectively. A parametric study on the effects of reducing leakage, heat
transfer, and crevice volumes was performed for light load and motoring. As
was predicted, gas leakage is the predominant effect in these cperating
regimes. Crevice volumes and heat transfer have little effect on engine
performance at very light lcad but can be expected to beccme nmore
significant at higher loads and speeds.
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1.0 ZINTRODUCTION

This chapter cutlines the structure of the ccoputer sizulaction
developed in this crolect and the steps necessary for completion of the
simulation. Background material is presented to acquaint the reader with
the goals and some of the peculiarities of the engine under study. The
second chapter discusses the specifics of the simulation and derives the
differential equations for a closed system. Chapter Three investigates, in
detail, the crevice and leakage model and then presents the derivation of
the differential equations for an open system. The validation and
calibration of the model through the use of engine data supplied by
N.A.S.A. is discussed in Chapter Four. The fifth chapter presents the
results from a parametric study on the effects of varying heat transfer,
crevice volumés, and leakage areas. Chapter Six summarizes the results and

presents a set of conclusions and recommendations.
1.1 BACKGROUND
1.1.1 OVERALL N.A.S.A. GCAL

N.A.S.A. has begun a development process that will by the end of this
decade produce an engine for lightweight general aviation airplanes that
will not require aviation gasoline. Distributors of high octane aviation
gasoline have determined that continued supply to remote locations is no
longer profitable. Uncertainty over fuel availability and price have
worked to limit the commuter aircraft market (1).

The general aviation community has prcposed that any new powerplant
should burn the same fuel that powers commercial aircrait (aviation

kecosene or ‘et fuel). This will reduce the uncertaincy over fuel
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N.A.5.A. has begun a preliminary engineering program to determine the
best engine for this application. Powerplants that have been considered
include gas turbines, diesel engines, spark ignition reciprocating engines,
and Wankel engines (2&3). Since the engine is to be used in light aircraft
beginning in the 1990;5, each powerplant choice has been rated for various
operating characteristics, using assumed advanced technologies, and
engine/airplane system requirements such as range and load capability

(Tables 1 and 2).
1.1.2 ENGINES UNDER CONSIDERATION BY N.A.S.A.

Each design characteristic of the various engines being considered was
weighted according to importance and a total.score was assigned to each
type of engine. From these studies N.A.S.A. has decided to concentrate on
two choices:

1) a light-weight, turbo—-charged, turbo compound, two-stroke

diesel engine.

2) a turbo-charged, turbo-compound, stratified charge Wankel engine.

A primary design factor in an aircraft engine is the pcwer density
(power to weight ratio). Turbo-charging increases power density and will
also allow the engines to operate at higher elevations. Reduction of
engine weight, for the same power output, will increase the power density.
Consequentlv, the two stroke engine, which has twice the power density of
an equivalent four s:roke engine is more desirable for this application.

Some early studies of the two engines (nc turbe-compcunding) predict a
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the rotary eagine and 0.98 hp/lb for the

(2 ]]

power density of 1.23 hp/ld
diesel. This advantage Zcor the Wankel engine is somewhat offset by a
siightly higher brake specific fuel consump:ion.

Both engines will use turbo—-compoundinz which reccvers more of the
exhaust gas enthalpy, by driviag a heat engine ccupled to the engine shaft,
which increases power output. This results in a higher thermal efficiency
for the engine/compound cycle system. With the use of ceramic materials to
reduce heat transfer losses within the engines, turbo-compounding could
become more effective as the thermodynamic availability of the exhaust
gases from the ¢ylinder will be increased. Since, approximately one third
of the fuel energy is converted to work, another one third is lost by heat
transfer to the cooling system (in a conventional engine), and the
remaining one third is exhausted; a turbo-~compounding system that recovers
50% of the exhaust enthalpy of a truly adiabatic engine would double the
power output or alternatively halve the engine size for the identical
power.

In order for the Wankel engine to burn aviation kerosene the engine
will have to bte of a stratified charge design. In this engine, fuel is
injected directly into the combustion chamber and ignition is insured
through the use c{ one or more spark plugs. Past work by Curtiss-Wright
has demonstrated the feasibility and advantages of a rotary stratified
charge engine (4). The most significant advantages over a spark ignition
rotary engine are:

izmproved fuel tolerance

higher thermal efficiency, n.y (higher compression ratio}

lcwer 2missions (except at light load)

raduced throttling losses
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WANKEL ENGINE DESCRIPTICN

In the Wankel engine a three-sided rotor is mounted cn an eccentric
shaft that is centered at the geometric center of the rotor housing (figs.
1 & 2). The rotor and housing assembly simultaneously form three isolated
chambers. As the crank rotates, an internal gear on the rotor face mates
with an external gear on the side plate (1:3 ratio), and forces the rotor
to revolve at one third of the cramk's angular velocity. This means that
one chamber requires three crank shaft revolutions to complete the four
strokes of an equivalent reciprocating engine cycle. However, because
there are three chambers per rotor there is one induction process and one
power "stroke” per crank revolution. Thus a single rotor Wankel engine is
equivalent to one, two-cylinder, 4-stroke reciprocating engine. The rotary
engine does not require mechanically complex valve trains but instead
relies on intake and exhaust ports that are opened and closed by the action
of the rotor. The intake ports are typically located on the‘side plate
(known as side intake ports), and there are usually two intake ports per
rotor. An exhaust port is located in the rotor housing (a peripheral
exhaust port).

There are gas seals at each corner of the rotor (apex seals), along
the edges of the rotor (side seals), and at the junctions between the apex
and side seals (corner seals) (£fig.2) . 01l 1is introduced into the intake
system in order to lubricate these gas seals. The rotor is oil cooled and

a set c¢f oil seals pravent the flow of oil from the rotor to the chambers.

(R )

The spark plugs and fuel iInfectors (for a s:irasifisd charge eangine; ars

located near the top dead center position. The basic geometric design
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sarameters are the rotcr radius, which is the distance Irom the center of

the rotor o the apex, the eccentricity of the shaft, and the depth or

(9]
[ 1Y

heignt the rotor housing. Wwith these dimensions and the volume cf the

-

(1]

cutout in the rotor, the theoretical compression ratio can be calculated as

" can the displacement per rotor.
1.2.2 ADVANTAGES AND DISADVANTAGES OF THE WANKEL ENGINE

The Wankel engine has been considered a dead issue by much of the
technical community since the end of Wankel engine development programs at
major automobile manufacturers such as General Motors, Tovota, and Ford.
In order to determine if the present interest in the engine 1is justified,
it {s instructive to look at the reasons for termination of these
developmental programs and what if any improvements have been made.

By far the most izmportant reason for discontinuing Wankel engine
research was the poor fuel economy of the engine, which became unacceptable
after the OPEC oil embargo of 1973 and the subsequent gasoline price
increases. This poor fuel economy is generally believed to be caused by
unburned fuel/air mixture leaking past the apex seals Iuring cbmpression
and conbustion to adjacent chambers. This leakage is also thought to be
the prime contributor to the high hydrocarbon emissions of the Wankel (5).
Other major concerns were the projected high production and tooling costs
for an engine which was of such radically different geometry from the
conventional automotive engine. Engine reliability was also a
consideration as early productlion models had serious apex seal wear
problems. Although most Wankel engine programs were terminated in the =2id
1970's a few prciects have continued, zcst notably at Toyo Kogro {Mazdz)

and at Curtiss-Wrigh:z. These projects have resulted in producticn zocling
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and engines with improved fuel economy and proven reliability. The RX-7,
Mazda's production sports car model that employs a two rotor Wankel engine,
is now rarted at 23 mpg bv the EFA, and zeets all emissions standards (6).
Curtiss-Wwright's stratified charge rotary engine is not currently in
production, but test results have given very promising emissions and fuel
_economy data (7). These continued efforts have shown that in certain
applications such as general aviation airplanes the Wankel may be a good
power plant choice.
For light aircraft duty the stratfied charge Wankel has some specific
adwvantages over its diesel engine competitori
higher power density
better fuel tolerance
smaller péckage volume
- lower frontal area
- easier maintenance access
better low temperature starting
lower noise levels
shorter lift-off
faster cliab

reliability (fewer moving parts)

1.3 PROGRAM

The research proposal calls for three phases of activity that are 0
te completed in series. During the first phase a reciprocating engine
cvcle simulation was converted to a Wankel engine simulation. A stiratified

[

charge cocbustion mcdel will be added during the second prnase, so that Dore



detailed design questions can be considerad. In the third phase
turbo—charze and turbe-compound models will be incorporated into the cvcle
sizulecticn.,

The author's task has been to complete the first phase, in order for
preliminary engine performance and sizing calculations to be made. A
secondary research aim, during this phase of the project, was to develop a
crevice volume model for the Wankel engine to assess the importance of
crevices on engine performance. Experimental data from a Mazda spark
ignition engine has been collected by N.A.S.A. to allow a calibration of

the computer model developed in this research effort.

1.4 DESCRIPTION OF PROJECT TASKS

1.4.1 DEFINITION OF TASKS

An extant quasi-dimensional model of a reciprocating engine was used
as a starting point for the Wankel engine simulation (8). Figure 4 is a
flow chart that i1llustrates the deletions and additions necessary for the

conversion. There were five major steps necessary for the conversion
process:

a) change in geometry

b) removal of turbulent combustion model

¢) addition of leakage model

d) additicn of crevice volume model

e) change in heat transfer model

1.4.2 OUTLINE OF CODE

The four engize processes, intake, coopressiocn, combustion—expansion,

and exhaust are sesparated into different subroutines (Fig. 5). The Main



program controls, through ODERT {a numerical integrator) the program flow.
That is, Main decides when each engine process begins and ends or what, if
any, ouzerical data should be outputted.

The program begins by supplying Main‘the required input data. A
calculation is then perforzed to initialize the thermodynamic state of the
chamber gas at the beginning of the intake process, which 1s defined as the
point where the intake port begins to open. The intake routine is then
calle& by OCERT. Intake calls other subroutines where, for a given crank
angle the working fluid thermodynamic properties are evaluated, and the
direction, composition, and magnitude of mass flow rates through the intake
and exhaust ports or valves are computed. The heat transfer rate is then
calculated as is the rate of change of chamber volume. Next, leakage and
crevice volume mass flow rates are calculated. Finally, Intake has enough
information to evaluate the rates of change'of pressure, temperature, work,
heat transfer, and mass flow. The program control returns to ODERT which
integrates the differential variables through time (crank angles) until
program flow returns to Main. This interaction between Main and ODERT 1is
repeated until each engine process is finished and the cycle is completed.
The final values of chamber pressure, temperature, and mass are compared to
the initialized values and if each propetf& is within the error criteria.
the calculation ends. However, if these criteria are not met, the program
begins again with the final property values used as the initial quantities
for the second iteration. Convergence occurs quickly, usually requiring
three, or at most four iterations.

This segmented stvle of programming along with good documentation of
the code is vital for anv lengthy prcgrac such as this. This particular

code allows end users to quickly find necessary informaticn, and also great
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flexibility for logic changes similar to those described already.

1.4.,3 CHANGE IN GECMETRY

A major program alteration was the change in the simulation code
required to reflect the different engine geometry. Most of these changes
were in the geometry subroutine CSAVDV where chamber surface area, volume,
and rate of change of volume expressions are evaluated. Other changes were
required in the subroutines that evaluate valve open areas and discharge
coefficients to reflect the use of ports rather than valves. The Main
program also needed to bte modified to account for the extra crankshaft
revolution per chamber cycle. The geometric equations developed in the
texts by Ansdale and Yamamoto were used to define the engine geometry

(10&11).

1.4.4 COMBUSTION ROUTINE CHANGES

In order to run a firing case for the rotary engine the combustion
subroutine required some minor modifications. A turbulent entrainment
combustion model was included in the reciprocating engine simulation that
was specific to that geometry. A specified burn rate combustion model was
also included as an option. The turbulent entrainment model was removed
and therefore the combustion routine required a specified burn rate Input
in order to operate. In the resulting program the combustion chamber is
modeled with two zones; one each for the cool unburned charge and hot

buraed producss (Fig. ). The NO fermaticn model was also removed.
P g



1.4.5 ACDITION OF GAS LZIAKAGE MODEL

The importance of gas leakage as a performance and emissions wechaniso
ia the wankel is well known. It is crucial, then, to model this =mass
transfer between adjacent chambers in order to quantify its effect on
performance and measure its relative effect vis-a-vis heat transfer and
crevice volumes. The leakage and crevice volume models were combined to
reduce complications. The implementation and physical justification of

this assumption are described in the next section.
1.4.6 ADDITION OF CREVICE VOLUME MODEL

It has been hypothesized that crevice volume effects could be
significant not only as a source of hydrocarbon emissions, but also as a
mechanism for performance loss. Engine crevices are small volumes
assoclated with gas seals and spark plugs tﬁat are connected to the
chamber. As chamber pressure rises, working fluid is forced into these
crevices which then re-enters the chamber as this pressure falls. Since
crevice volumes have a high surface-to-volume ratic, the gas entering the
crevice is cooled and the combustion reactions are quenched in these

regions.

A subroutine which calculates the leakage and crevice mass flow rates
was added to the program. Since the addition of the model makes the
chanber an open thermodynamic system throughout the cyecle, rather than lust
during intake and exhaust, the final differential equations governin
charmber pressure, temperatura, and composition were changed and evaluated
within this subroucine. Also in order to evaluate the compositicn,

directicn, and magnitude ¢f the crevice and l2akage nass flow raZzes, 2
' g

=5=
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history of adjacent chamber pressures and crevice compecsitions
versus crank angle was required. As this cycle pressure aistorv does not
exist during the first cvcle iteraticn, the crevice and leakage models are

not activated until the second iteration.

1.4.7 CHANGES TO HEAT TRANSFER MODEL

An important concern regarding the Wankel rotary engine has been its
high rate of heat transfer. During the combustion process the surface-~to-
volume ratio of the combustion chamber is higher than in equivalent
reciprocating engines (Fig. 7). The charge is also swept along, by the
rotor notion, at high velocities which naturally increases the heat
transfer to the walls. Obviously a heat transfer model is required to
predict engine performance and evaluate the effect of insulating ceramic

materials. .



2.0 CCMPUTZR MODEL
2.1 ZACKGROUND

Computer mocdels of internal combustion engines can be grouped into
three general classifications: zero-dizensional models, quasi-dimensicnal
models, and multidimensional models. Zero-dimensional models use the First
Law of Thermodynamics and a specified combustion rate to predict engine
operating characteristics. Quasi-dimensional models add a turbulent
combustion submodel to predict the burning rate which requires an
assumption about flame front shape. Multidimensional models use the
conservation equations for mass, energy, mcmentum and species to predict
the flame propagation through the combustion chamber (12).

The research work presented here has used a zero-dimensional model for
several reasons. Multi-dimensional models are currently restricted by
available computing power to only two dimensional analyses. They are
consequently not yet suitable for this application. Also, it was felt that
although the initial test data would be from a spark ignition engine, the
final goal of the simulation program was the study of a stratified charge
plant. Thus, the implementation of a pre-mixed turbulent combustion model,
such as the model present in the reciprocating engine simulation was not
considered worthwhile.

The model will be able to predict the engine size required for a given
task. Parametric studies can then be performed in order to judge the
relative nerits of different research efforts. Tor example, questions
concerning the Iimportance of reducing heat loss, crevice volumes, and

leakage can be addrassed.
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.2 CALCULATION OF TEERMCDYNAMIC PROPEIRTIZ
o1 SIMULATICN FRAMEWORX AND 3ASIC ASSUMPTICNS

The simulation is separated iato four distinct but sequential
processes: intake, compression, combustion (and expansion), and exhaust.
Intake starts as the intake ports begin to open (IPO) and continues until
they are completely closed (IPC). The compression frocess begins at IPC
and ends at the spark ignition point (TSPARK). The combustion process is
initiated with the occurrence of the spark and continues through expansion
until the exhaust port begins to open (EPO). The exhaust process occurs
from this point until the intake ports start to open once again (not EVC).
The cycle lasts exactly 1080 crank angle degrees.

To solve the differential form of the First Law equation for the
chamber contents some basic assumptions must be made. Except during
combustion, the chamber ccntents are assumea to be an homogeneous mixture
of non-reacting ideal gases. Therefore the contents have a single mean
temperature. During intake and compression chamber contents are
characterized as a mixture of fresh charge (air and fuel vapor) and
residual burned gas. The intake and exhaust manifolds are assumed to have
constant temperatures and pressures. During exhaust only burned product is
assumed to be present in the chamber. Unburned gas that leaks into the
exhaust chambter is treated as burned product and the amount of fuel energy
lost is accounted for. During combustion two zones are created, one each
for the unburned gas and the burned product. Each zone is assumed to >e
homogenecus i.e. of uniform temperacture and composition. It Is assumed
that there are no pressure waves withia the chamber so gas tra2ssurz is

constant throughcut the chamber.



2.2.2 SOLUTION OF TEERMCDYNAMIC EQUATICNS WITHOUT CREVICE VOLUME

In this section the zethod for generating differential ecuations to
£ind the thermodynamic s:a;e of the chamber's contents 1s bdrieflv outlined,
To be useful the final equation must evaluate the rate of temperature
change independently of the rate of change of chamber pressure.

The First Law of Thermodynamics for an open system, in differential

form, is:

1.

= [@yhp - Q - W (2.1)

L g
19

Note that heat loss from the system is positive. rom the definition

of internal energy:

. d(zh - pV) . . . .
E ® w=eweee——e = gh+ oh - pV - pV (2.2)
dt
where;
m ! mass

h : enthalpy

v

pressure

v : volume

The First Law equation can be rewritten as:

ah = Qy - hI(ag) + I(aghy) + Vp (2.3)

During intake, chamber composition changes as fresh charge is added to
the Iresh charge/residual gas mixtures alreadv gresent. If fresh charge and

residval gas are taken to be the two ideal z2as components making up the
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sixture the change in enthalpy can te expressed as:

- d{x1hy] + x2h9)

h = = x1hy + x1hy + xphp + x2h2 (2.4)
dt
Where:
X4 : mass fraction of component 1
i=1: refers to fresh charge
i=2: refers to residual gas
X +x =1 . (2.3)

Differentiating equation 2.5 ylelds:

X] = - X2 (2.6)

Substituting this last relationship into equétion 2.4 gives:

B = xy(hy - hp) + x1hy + xahg (2.7)

The change in enthalpy for each component can be expressed as changes in
Py p T

the system temperature and pressure:

hy =cp T +epp (2.8)
i i
Where:
¢y = (3h / ET)p (2.9)
cT = (3% / 50)': (2.10)



From the id

p =

S0, differe
dp
- I
dt

Rearranging

in terms of

(

Referring ¢t

(3p/3R

From the de

2al gas law :

----- (2.11)

ntiazing both sides gives:

O

= (30/3p)p + (30/3R)R + (30/3T)T (2.12)

equation 2.12 provides a differential equation for pressure

rates of change of density, temperature, and the gas constant:

. . .

> P R T
------ = [ === - -==(3p/3R) - ===(3p/3T) | (2.13)
35p/3p) P P P

o equation 2.11 it can be shown that:

o) .
) = = e (2.14)
R

finition of density:

a
p m ——— (2.13)
v
it is apparent that:
5 oa ¥
——— o mem— e (2.16)
p m v

The rate of

R =

change of the gas constant is:

d(x1Ry + x2Rp) . .
—-—— - = X1R7 + x9R2 = x1(R1 = R3) .17
de
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Ccmbining equations Z.13 through 2.17 results in:

, 5 Ry - Ro 2 vi 30 T
P = mmmmmmm G s S T (2.18)
(3p/3p) R T v 5T »p

Finally substitution of equations (2.2), (2.4), (2.7), (2.8) and(2.18)
into the energy equation (2.1) gives an equation for temperature

independent of the unknown rate of change of pressure:

. B . R1 = R hy = m h
T = === x (===-- - mmmmeee ) + ===(l = =) -
A R B m B
- ‘} 1 .
—— F —e—= ijhj - Q) ] (2.19)
v mB
- Where: .
(30/3T)p 1
A = Cp + ( - Cr) (2.20)
(3p/3p)7 P
B (1= pCp) |
B = m—mmm————— (2.21)
(3p/3p)T
Cp = xlcp1 + xchz (2.22a)
Ct = xlCTZ + szTz (2.22b)

However, equation 2.18 assumes that the rate of mass flow into or out
of the chamber 1is iIndependent of the ratz of change of pressure. This is
not a valid assumption 1f a crevice volume is present within the chambter.
The therncdyrnamic implications of the crevice volume model are discussed in

Chapter 3.



2.3 ENGINE PRCCESS MODELS
2.3.1 INTAKE AND EXHAUST FLOW PROCESSES

A quasi-steady compressible flow model is used to evaluate the mass
exchange between the chamber and intake or exhaust manifolds. The
manifolds are considered to be infinite plenums with specified pressure,
i.e. manifold pipe dynamics are not moaeled. The intake gas is a mixture
of fresh charge (fuel-air mixture) and recirculated exhaust gas (EGR). If
back flow occurs chamber contents are sent back to the intake manifold but
are not mixed with the intake charge (a plug flow assumption). Instead, if
flow reverses again, all the back mass is assumed to return to the chamber
before any additional intake charge enters the chamber. However, at
IPO, only intake charge is present in the manifold. Gas in the exhaust
manifold is assumed to be completely burned products of combustion at the
instantaneous chambter temperature.

The port opern areas are determined by assuming that the ports open
linearly with crarnk angle. The discharge coefficlents are assumed constant
as a function of pressure ratio and equal to 0.75. This value was based on
data from two-stroke diesel engines (13). With open area, coefficient of
discharge, and the pressure ratio across the port known, the mass flow rate

can be calculated from:

2/y (y+1) /vy
. Po 2 Ps Ps
@ = Cgd ==== Y YRTo { ==== [(---) - (===) 1} (2.23)

R%0 y -1 Po Po
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where:
Cqa ¢ coefficieat of discharge
A ! port open area
Po ¢ upstream stagnation prassure

Pg ¢ static pressure at restriction
s P

&)
o

upstream stagnation temperature
Y ¢ ratio of specific heats
R : gas constant

For choked flow the equation is:

(y+1)/2(y-1)
. Po —
m = C4qA —= A Y YRT, ( ===-=- ) (2.24)
RT, vy +1

The sign convention adhered to in the model is as follows: intake flow
into the chamber is positive and exhaust flow out of the chamber is also

positive.

2.3.2 COMBUSTION

During combustion the chamber is divided into two zones. The first
containing unburned mixture, the second composed of combustion products.
Mass 1s transferred from the unburned zone to the burned zone accerding to
a specified equation for the mass fraction burned. The equation is of the
form proposed by Wiebe (14).

m+l

—a (3 - 84)/48y ]
Xy = 1 -e (

t2
*
[
wn
~



where!

x = mass fraction burned in chamber

a = efiiciency parameter

a = form factor

9 = crank angle

@, = start of combustion (not spark timing)

AGp = burn duration
Thé form factor and efficiency parameter in equation (2.25) are inputs to
the program. These constants generally fall between:

1 <m< 3 (2.26a)

3 <a<x10 (2.26b)

(3]

for real engines (15). For a closed system differentiation of Eq. .25
would define the rate of combustion. However, with the presence of leakage
and crevice volume mass flows, the system is open during combustion and the

combustion rate should reflect this change. The combustion rate equation

is derived in Chapter 3.

2.2.3 HEAT TRANSFER

Heat transfer in the Wankel rotary engine is a major source of
concern. Most heat transfer in an internal combustion engine occurs during
the combustion and the expansion stroke. The shape of this engine's
combustion chamber, which has a high surface area to volume ratio, leads
one to expect high heat transfer rates near the top dead center position.
Also since the charge is pushed at high velocities past the housing walls
even higher heat transfer rates can be expected. The general area of heat
transfer frcm internal combusticn engines is lacking in guantitacive

equations to describe the phencmenon, and experimental data is necessary to
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calibrate the aodel. This is especiallv difficult for the Wankel engine
where 1ittle heat transfer data has been published.

The analysis starts with the general forced convective heat transfer

equation:

Nu = a Re? Prd (2.27)
where;

Nu = HhL/k : Nusselt number

Re = VL/v : Reynolds number

Pr = uCp/k ¢t Prandtl number

a ¢ constant
a : constant
b : constant

h : heat transfer coefficilent :

o

characteristic length

k : thermal conductivity of fluid
V ¢ characteristic velocity

v ¢ kinematic viscosity

dynamic viscosity

) =4

p specific heat at constant pressure

The Prandtl number is assumed to be unity. The flow pattern is assumed to
be similar to that of forced convection over a flat plate. This provides
values for the constants in Eq. 2.27 of (18).

a = 0.037

a = 0.8

In reciprocating engines the cylinder bore is used as the

characteristic dimension. I~ the Warkel an equivalent dimension o the
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bore is the housing Zepth. These dimensicns are similar in that both are
constant throughcut the cycle and perpendicular to the primary compornent of
the flcw. The last piece of information needed to sclve Eg. 2.2 for the
heat transfer coefficient is the characteristic gas velocity.

The model uses the approach originally suggested by Woshni, i.e. a
velocity composed of two parts (17). The first component velocity is

proportional to the mean rotor velocity in the Wankel engine, which turns

at one third the crank shaft speed:

2% RPM ,
Vnon—firing = ('ga‘) (';') R {2.28)

The second velocity component is proporticnal to the combustion
intensity. Woschni believed that the rapid expansion of the burning charge
caused large velocities within the chamber. , The combustion intensity is
characterized by the difference in chamber pressure between a firing case
and a non-firing case at the same crank angle. A term 1s added to account

for the amount of fuel inducted which affects the prassure trace.

T
Veire = CiVpom- + C2Vg (———-) (P - Pnon- ) (2.29)
fire pv IPC fire
Where:
Vg : chanber volume
TI”C : chanber temperature at intake port close
pI;C : chamber pressure at 1n:;ke port close
v : chamber volume at intake port close

I1>2C
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w

4oschni found that for diesel engines a value for Cp of .00325 (= /

sec X) correctly accounted for the increased heat transer during
combusticon. Danieli used a2 value of unity for the nen—firing velocit:
constant (18). These data were used as starting points for the calibration
of the heat transfer model.

In order to evaluate the heat transfer the chamber surface area must

be calculated:

) Q = hAC(T - Ty (2.30)

During combustion heat is transferred from both zones so chamber

surface areas for each zone need to be defined.

Q = hAy (Ty -~ Tya1l) + h Ay (Ty = Tyall) (2.31)

i

The rotor surface area is constant throughout the cycle and is

approximated by a circular arc :

Where:
RZ - 2eR + 4e2
Ry = : Radius of circular arc approximation
R = e
Y 3R
= 8 = arctan | ] :One half the angle subtended
6eR by the approximate circular arc
(=== Y+ R + 2e
R =~ 4e

It is asswmed chat the rosor cutout adds neglizible surface area. The side

plate surface is calculated during the volume calculation and :is
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Agice = 2V / depth (2.33)

7> find the exact housing surface area would require a doudle Integration.
It was decided Instead to follow Danieli's approach by devising a

Pr
rectangular box of the same volume as the chamber (Fig. 8). From this th

housing area is approximated as:

Ahousing ™ A = Arotor ~ 2 Agide

v
= 2 ===+ bL + C (2.34)
2
Where :
v v
A = 2(-~=+ ===+ bBL) + C : Total surface area
b L

L = 2Ry 8 : Arc length of rotor face

C : A correction factor

During combustion the following approximation is used to divide the

iadividual surface areas between the burned and unburned zones :

2/3
Ap %) _
e = (mmem= ) (2.35)
AU VU

2.3.4 LEAKAGE

Leakage past the apex and side seals is a maior problem for the Wankel
engine. It has been estimated that side seal leakage accounts for one
quarter to as zTuch as one third of the total leakage mass flow (19).
Pravious computer models have neglected side seal leakage and modeled apex
seal leakage only (20&21). These mnodels have assumed that leazkage during

combusticn is comwposed of unburmed gas alone, while a: the end of



combustiscn only burned product is leaked. This resulcs from the assumption
of a linearly propagating flame Iront, which imzplies that the apices do neot
“see” turned gas until combustion is complete (Fig. 9). These models have
also used the overall chamber or zone {during combustion) temperature as
the upstreaan temperature.

It was felt that some effort should be made to model the significant
leakage past the side seals. The gas that passes the side seals enters the
volume between the oil seals, rotor side, side plate, and side seals (Fig.
10). This mass then enters the side intake ports as the rotor passes over
them and so indirectly enters the intake chamter.

By using bulk gas temperatures, previous models may have overestimated
the size of the leakage areas . Gas leaking past the apex seals comes from
areas with high surface to volume ratios where large gas velocities are
believed to exist due to: rotor rotation, vortices set up by the apex
seals, and the "squish” of the rotor agéinst the housing. This large
surface area and high gas velocity indicates that the leakage mass is
likely to be relatively cool and could even approach the wall temperature.
Mass that leaks past the side seal must reside in the small clearance
volume formed by the rotor side, side seal, and side plate prior to passing
the side seal. Again, because of a high surface-to-volume ratio the leakage

gas should be relatively cool.
2.3.5 CREVICE VOLIME

Much previous wcrk has concentrated on the effect of crevice volumes
on hydrocarbon emissicns from spark ignition engines (22). It is new
tecomiag apparent that cravices could also e an important source of

perforz=ance lo0ss in internal zombusticn engires. This performance loss is
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caused by the heat lost frem hot ccmbusticn products as they enter tha
crevices and the removal of charge during the useful portion of the cvcle.
A brief descriptica of the crevice volume model along with maior
implications for the cycle simulation program is provided in this section.
A more thorough investigation of crevice volumes is given in Chapter 3 .
The leakage and crevice volume models were linked together for two
major reasons.' First the belief that leakage gas is cooled prior to its
transmission from one chamber to the next suggests the use of the crevice
temperature as the upstream temperature to reduce the number of independent
parame ters. Secondly in the Wankel, major crevice volumes and leakage
sites occur at the same locations. That 1s, significant crevice volumes

are found in the Wankel adjacent to the side and apex seals .
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3.0 CREVICEI AND LEAKAGE MODEL

Tris chapter presents the assumptions made iz the model for the
analysis of the effects of leakage and crevice volume on engine
performance. Engine geometric data is analyzed that suggests crevice
volumes in the Wankel are possibly significant factors in performance
degradation. The model is then presented and the thermodynamic equations
for the open system are derived. Finally, some of the programming

considerations for implementing the submodel are discussed.
3.1 CREVICE LOCATICNS AND LEAKAGE POINTS

The author investigated the locations and relative sizes of crevice
volumes by taking measurements from a Mazda model (12B) RX-4 engine. The
engine was, of course, cold at the time so the absolute magnitude of the
crevice volumes should nct be considered as Einal values during operation,
as thermal expansion will affect clearances. The major crevices were
around the apex seals and side seals; other smaller volumes were associated
with spark plugs and transducers (Fig. 1l1). In typical reciprocating
engines the total crevice volume is 3% of the clearance volume and as auch
as 10%Z of the cylinder mass is pushed into the crevice at peak pressure.
The total measured crevice volume on the Wankel engine was 5% of the
clearance volume so a proportionately larger effect should be expected.
Table 3 presents the measured and estimated sizes of all the crevices in
the rotary engine. It should be noted that the volume associated with the
side seal lands and side seals is approximately one half that cf the volume
behind :he apex seals and telcw the corner seals. Thais is oracisely the
same ratic as between apex sea2l le2akage and side seal leakage in the wankel

previously reported.
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3y igncring side seal leakage and hea: transfer from the leakage zas,
leakage areas may have been overestimatad in previous models and some effort
sheuld be expended to model these effects. After all, one third of the
total leakage is significant. The primary difference between the apex and
side seal leakage paths is that the side seal will "see” burned gas during
combustion in proportion to the surface area “wetted” by the burned gas
volume. A secondary difference is the indirect leakage path from the side
seal to the rotor side, to the side intake port, and finally to the intake
chamber. Therefore, most of the side seal leakage ends up in the intake
chamber and not distributed evenly between the leading and trailing chambers

as 1s the case for apex leakage.

3.2 OPTIONS

Figure 12 shows a schematic of a model that includes each leakage path
and crevice volume explicitly. This model would be far too complex for the
purpose at hand. Separate temperatures, areas, volumes, and compositions
leave a virtually unlimited combination of crevice volumes and leakage
paths. Most of these combinations are too complex to successfully calibrate
with available data (Fig. 13).

The chosen model uses two crevices and two leakage areas per chamber
located at each apex seal (Fig. 14). To account for the effect of burned
gas entering the side seal crevices, the composition of zas entering the
modelied crevices is related to the mass fraction burned, not the volume
fraction burned, to grosslv account for the relative size of the side
crevices.

To account for side seal leakage, the mass compcsition of the leaked
gas is taken to be equal to the crevice composition. In effect, the model

implies that leakage occurs directly from the crevice, to the ad‘acent



chamber, wnich is protably not true at the apex seal. This is not a large
error until the end of cozbustion when tco much unburned gas may start to
leak out. However, eomplete combusticn is characterized by a falling
chamber pressure and hence a return of crevice mass into the chamber
adjacent to the apex seal. It can be reasonably expected, therefore, that
the crevice gas which returns, leaves the chamber immediately, via the
direct leakage path (Fig.l5 ). Leakage occuring from the crevices allows
for the transmission of burned product as well as unburned mixture
throughout the cycle.

The performance loss caused by crevice volumes is due to the large
amount of heat transfered to the engine components and the removal of
charge from the combustion chamber. Leakage reduces power by decreasing
volumetric efficiency (real and effective), and by allowing unburned fuel
energy and sensible enthalpy to escape. Real volumetric efficiency is
decreased by burned product entering the induction chamber from the
adjacent combustion and exhaust chambers. Effe:tive volume tric efficiency
is decreased as charge escapes from the compres:ion chamber to the exhaust
and intake chambers prior to combustion. The as;umptioné made by the

leakage and crevice volume model are listed below.

a) Constant leakage area at apex seals. Side leakage effects are

modelled implicitly.

b») Quasi one-dimensional isentropic leakage f{low.

¢) Lleakage compositicn and temperature is equal to the crevice
composition and temperacture.
d) Cravices modeled at apex seals orly. Side crevice effects are

lumped into apex crevice volumes.
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e) A crevice has constant volume and gas temperature.
£) Crevice gas pressure is equal to chamber pressure.

3) Only one crevice exists per apex seal. The crevice is associated

with the chamber at higher pressure and assumes that pressure.

h) The composition of gas entering the crevice is assumed
to equal the mass fraction burned in order to account for

burned gas that enters side crevices.

1) For computational simplicity burned and unburned gas
are perfectly mixed in the crevice but return to their

respective zones when they re-enter the chamber.

As there is only one crevice per apex sgal the program must be capable
of deciding which of the two adjacent chambers contains the crevice. 1In
this model, it is postulated that the crevice is located behind the apex
seal and that the crevice is associated with the chamber at higher
pressure. If the pressure difference across the apex seal reverses, the
seal moves across its seat and the crevice is again associated with the
chamber at higher pressure (Fig. 16). A table of chamber pressure versus
crank angle is stored within the program, enabling evaluation of the
pressure difference across each apex seal to determine crevice location and
leakage direction. Since the pressure history 1s not constructad until the
first cycle 1s completed the leakage and crevice volume models are not

ctivated until the second iteraticn begins.

At crank angles where pressure is lcw zas, leaks into the svstem fronm
the leading and trailing chambers. To determine the composition of this
flow the crevice composition is stored ia the same canner as chamber

pressure, and is used to assign composition to the leakage flows entering



the svstea In the next iteration. Over the first cycle iteration thi
iaformation is not available so initial values are assumed at the start of
the second iteration.

It should be noted that the program sets the leakage composition equal
to the mass fraction unburned , which allows the program to operate if the
crevice volume is set equal to zero. A variable was added ‘to account for

the fuel energy that escapes unburned to the exhausting chamber.
3.3 THERMODYNAMIC EQUATIONS OF CREVICE VOLUME AND LEAKAGE MCDEL

The final thermodynamic equations of Chapter 2 ( Egs. 2.18 and 2.19)
assumed that all mass flows are independent of changes 1n system pressure.
This is clearly not the case when crevice volumes are present. The driving
force for mass flow into or out of the crevice is a change in chamber
pressure. Figure 17 shows the thermodynamic system boundary superimposed
on the crevice and leakage model schematic. It should be noted that the
system only contains the chamber and not the crevice volumes themselves.
Positive direction flows are as shown for each mass flux. The perfect gas

equation applied to a crevice volume holds that:

pv '
Derevice * ( ';;‘ Jerevice = p( ';;’ Jerevice (3.1)

Since crevice volume and temperature are constant, differentiating

both sides cf equation 3.1 vields:

2 P R

(===) = - -

(===)cravice (3.2)
2 ) ]
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If the rate of change of the gas constant is assurmed tc be negligible

Eq. 3.2 reduces to:

. P
Deravice = ~77 Tcerevice (3.3)
p

The total mass flow into the chamber is then defined as:

2 = Emj = Dintake -~ Uexhaust ~ (nlead + mlag)leakage

- (nlead + II'll'ag)cr:evic:e (3.4)

Substituting equation 3.3 in for the crevice flow terms of the last

equation yield:

. L] ?
m = my, - Ty - (nle3d + aldB)j.y - ——(nlead + ola8) ey  (3.5)
" P

An equivalent expression for the mass flow is:

a2 = d*-ctp (3.5)

Where

d* = myp - mex - (alead + nlag); .y T (3.7a)

c* = --=(alead + glag) ... (3.7b)
D

The mass fraction of frash charge is defined as:

X; 3 ——o- (3.2)
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Therefore:
. o] T omxXy
xl I e o T
m

The mass flow of fresh charge entering the system is

. .

m] = I msiX)
37
= where :
X1y = Mass fraction of fresh charge in the jth flow.
m = (@xy)in - (@XP)ex = [ (Dleak + Berev) x1lead ]

= [ (m1eak * Derev) x1lead ]

Recalling that exhaust manifold flow is assumed to be fully burned,

rate of change of mass fraction fresh charge can be expressed as :

. 1 . i lead lead
xp = === [ mypa(xy = %) - Beak (X1 = x1) =
n
.lag lag P lead 1lead
Bleak (X1 = X1) = <=~ Berev (X3 = X1)
P
~ P lag lag
- "7 Derev (X1 T X))
?
Al ternacively
* *

(3.9

(3.10)

(3.11)

(3.12)

the

. (3.13)
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B i in Jiaad lead Jdag lag
a” ====[ Tia{xX1 = X1) = Bleak (X1 = X1) = Jleakl(x1 = x1)] 2.15a)
el
* 1 lead lead lag lag )
b = === [ dpev (X1 - x1) + merev (X1 = x1) ] (3.13b)
px

Eq. 2.18 is rewritten here in order to make the changes due to crevice

volumes clear.

. p Ry = Ra |, ‘m v 3p T
P = meme—e-e [ (====—- )X + === = === = (=)= ] (3.186)
(3p/3p) R m v aT o

We have seen that x; and m are dependent on p, so:

) o R; - Ry . d* - *p v T 3p
- [( )(a* = b*p) + (gm=-=-=) = === = - -= J(3.17)
(3p/3p) R m v p 3T

Factoring all the p terms to the left hand side gives:

1 Ry - Ry . v
po=l - ][ (e ya* - -—-
(3p/30) R; = Ry c* R v
——————— 4+  b* +
p R m
f 3p d*
- -—— === ] (3.18)

p 3T o

Giving the Zirst term a separate variable rame shortens the equation:
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where:
1
2% & [ e e ]
(32/5p) R1 = Ra c*
——————— + b*( _______ ) & ———
p R ™

The enthalpy flux into the chamber can be written as:

) ajhy = (mh)gn = (@h)ex = (myeakh)1®3d - (meaxh)l28
- (mcrevh) 1834 - (mcpoyh)1a8
= (3h)jq = (Th)ex = (meakh)188¢ - (mpqah)ies
P
= ===[ (@crevh)1®3d + (mcrevh) 128 |
P
= e* - f*ﬁ
where:

2 = (5h)in - (ah)ex - (éleakh)lead = (".’leakh)lag

1
= -—= [ (3crevyh)1®3d + (merevh) 138 ]
P

Recalling the First Law expression of Eq. 2.3 rewritten here:

20 = =Qu - himy + Tmshy + Vp

Usiag the definitions ¢f the dummy variables defined in Egs.
g ]

(3.15p), (2.20), (3.22a), and (2.22Y%) the energy balance is:

.o . , Lx, . <
=¢ (hy = hg;a* + [cm = b (hy = ha)lp + cPT Y=

“0y = W(d* - cfp) + ¥ - T+ 7

(3.20)

(3.21a)

(3.21Y)

(3.21c)

(3.22a)

(3.23)

{3.15a),

~~
w
.
-2
o

~



An expression for the rate of change ¢f temperature Is found tc be:

2a*(hy - hp) - nd* + e* - Qy (3.25)

Substituting Eq. 3.19, derived from the perfect gas equation of state, into

the last equation yilelds:

1 R; - Ry v T 3p a*
* * * %*
T = =—=—{ 2% [(-==---- Ja* = == - - = + =] (V- £+ ke
mey R v p 3T !
* * * * S
+ mb"(hy = hy) = e¢Tp)] = ma (hy = hp) = hd” + e” - Qy } (3.26a)
1 Ry - Ry v a*
. * % *
T = ] LWz [(r==m=-- yat = === b ee- ] -
w¥z* R v ]
me, + (====)(30/3T)
o]
ma*(hy - hy) - hd* + e* = G, } (3.26b)
where:
w* =7 - £+ he* + ab*(h] - hy) - cmm (3.27)

Equation 3.26b 1s valid for intake, compression and exhaust. During the
conbustion-expansion phase two separate zones are hypothesized and each has
an individual gas temperature. The First Law for a system with no

ccupositional variation shows:

-t r _..,_,' - ...'.-f.. ) = v 28
=n = QCPT + mcmp = =Qy W oo ;\m:hj) P (3.28)

Since oaly ideal gases arz considered, the specific heat at constant

temperature tera is zero. The unburned and durned zcme tamperatur2s 22y be
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T(a:hi)y - hyl(2)y + Vyp - Gy ] (3.29a)
L(@3hi)p = hpl(m5)p + Vpp = Qp | (3.29%)
of density:

(3.30)

;-
o}

have:
1 ap

il S G 2P
p aT
1 ap

=== [ (-=)pTp

p

aT

the rate of change of

v

V

u

u

1 3p , 3p

= === [ (=5)T + (==)p ] (3.31)
P 3T ap
op

£ (==)gp ] (3.32a)
ap
30,

+ (==)pp | (3.32b)
op

chamber volume is known:

- (3.33)
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Combining Zgs. 3.32 and 3.33 and solving for the rate ¢f change of unburned
volume vields:

. . .

Vi Vy 1 . . oy \Y
=== = === {-—= [(3e/3T)pTp + (3p/3P)pp ] =~ - + -== 1 (3.3%)
. Vy Va  Pb zp Y

Equating Eqs. 3.34 and 3.32a and using the expressions for temperature fron

Egqs. 3.29a and 3.29b provides:

By 1 3p 1 . . . . do
—em= = ==={ (=o)y ——===[I(@yhydy = he @9y *+ VP = Qul + (=)wp )
@y Pu AT mycp ip
5 u
vy ¥ 2 1 3 1 ) )
= o= (=== = —m— 4 ———[(-)p ————[[(mjhy)p - hpl(my)p +
Vu Vy my, pp 9T mbcpb
. . ap .
Ypp =Qp] + (==)pp } (3.335)
ap
- Again, the mass flows and enthalpy fluxes are pressure change dependeat so
let:
lead lag
S dead .lag Berev ¢ Derev o .
L(mjhidy = (= Deak ~ Mleak — ~~~~~ P~ =====DPly = Bcomb (3.36a)
| P
= a*, - <ty (3.36b)
‘ lead lag
- . .lead lag Qerev . Berev . .
L(@a3hdp = (- mleax = Dleak = ~~"— P - ==~ P)b * 2comp  (3:35¢)
P P

. x ..
= &% = cTyp 13.354)



:(sjhj)u = 1= (2reaxh)182¢ - (31ean) i -
P i 1 .
=== [(Berevi) 233 + mereyR) 1281, = 3comyhy § (3.36e)
P
- e*u - f*up (3 o36f)

Z(mjhj)b = {- (mleakh)lead - (mpeakh)ia8 -

P .
=== [(mcrevh)lead + (mcrevh)laglb + Deopbhy } (3.368)
P
= e*b - £*bp (3.36n)

Substituting Eqs. 3.36 into Eq. 3.35 and solving for the rate of pressure

change gives:

-

* Tk
d*y  e/aT)y . d*pvy PR
-S4 e (¢*ghytdyme*y) + ——=—=(d*phy-e*yHdp)== = ==
. m, (pmcp)u oV, v Vu
p -
<ty (30/3T)y . (3p/3p)y Vb (30/3P)p ¥y
e b mmm——ee (c* hy + Vy = £%) + =mmmmmmm + oo =mmmmems + ===
By (Dmcp)u Pu Vu Py my
(3.37)
(30/3T)p .
------- (e php + Vp = £7p) ]
(pmep)dy

Once the rate of change of pressure is known the rates of change for
tecperature and volume of each zone can be found freom previous equations;

thev are rawritten here using the duzmy variables ¢f Eg. 2.2%:

X _ Lk - A . %* _ e* N
. e’y = dighy = Qy +(eTyhy = £y + Vyip

Ty = =—- - (3.38)
(meply




e¥y = dfghy = Oy + (Myhy - Ty F WD

2y - - (3.39)
(2e5)%
: Sy Gelmy (3p/3p)y  <*y .
Vo = Vu { === =~ ococ—o--- g ~ [ === + === Jp } (3.40)
mu Du pu mu
Ge - V- (3.41)

3.4 PROGRAMMING CONSIDERATIONS

In order to evaluate the differential equations of Chapter 3,
enthalpies must be assigned to each flcw. Since the rate of pressure
change is not known until later in the calculaticn it is not possible to
determine which direction the combined crevice and leakage flow goes at
both the leading and trailing apices. This is resolved by assuming a net
direction and checking the assumption when the pressure change has been
calculated.

During combustion it is necessary to split the combined crevice and
leakage mass flow rates between the burned and unburned zones. When net
flow is out of the chamber the fraction of burned gas leaving is equal to
the mass fraction burned. For return flow back into the chamber the

unburned zone receives only unburned mixture and the burned zone receives

only burned products.
1 - xy : flow oul of chamber

flow into chamber

R
]
P YAt Yt B e W e W e ¥
~
w
.
I~
L3S ]
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a = Mass fraction unburned in flow
X1 = Mass fracticn fresh charge in crevice

Xfresh® Mass fraction fresh charge in unburned zone (a constant)

It also should be noted that the rate of combustion in an open system is
not equal to the rate of increase of burned products characterized by the
Wiebe function. The combustion rate also depends on the mass flows to and
from the chamber:

. . . . .lead .lag .laad .lag ,
Dy = Xp2 + Xp3 = Meoph ~ (leak)db = (Bleak)b™ (Berev)b™ (Terev)b (3.43)

so that:

. . . .lead Jdag + «lead .lag
Teomb = Xp2 + Xp0 + (Wleak) bt (Bleak) b (Derev) bt (Berev)h (3.44)

Again the crevice mass flow rates are not known until the rate of
change of pressure is calculated. However, the combustion rate is needed
to evaluate the pressure change. This dilemma is circumvented by

approximating the crevice flows by using the last known value.
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VALIZATION AND CALIBRATION
4.1 INTRCLUCTION

To ensure that program output is logical and cerrect each major change
to the program, described in Chapter 1, was separately validated. For this
checking process it was often helpful to have the similar reciprocating
engine program in order to compa£e results. This chapter presents the
me thods used to validate the programming changes and the submodels. A
discussion of the procedure used to calibrate the submodels once validation

was complete follows.
4.2 GEOMETRY VALIDATION

The alteration of the geometry subroutine and the geometry effects
embedded in the rest of the code was the first change made to the program;
thus no leagage, crevice volume, or heat transfer models were, as yet,
included. Tﬁe first checks were made by comparing volume and rate of
change of volume graphs. A graphical analysis of the slopes and areas
under the curve showed that the two variables were consistent. The
calculation of compressicn ratio made by the program was also found to be
correct proving that the chamber volume equations were behaving as
expected. After the gecmetry switch had been accomplished a motoring run
was made to allow comparison of thils pressure trace to the pressure trace
of a motoring run on a reciprocating engine with no heat transfer. The
traces were similar enough for engines with somewhat different compression
ratios and no cbviocus errors were apparent. The constzant for a polirtropic
ccepressicn in the Wankel engine simulation was fcund to be 1.3 which Iis

within the expected range of



1.3 <y < 1.35

The program itsel: has several built in error checks that are useful
for the end user. The fac:t that the program converges to a solution is a
good indication , in itself, that the program is running smoothly.
Calculations made at the end of each cycle also provide consistency checks.
For instance, a motoring run with no heat transfer, leakage, or crevice
volume energy loss models activated should have a gross indicated mean
effective pressure (gross IMEP) of exactly zero. The program also performs
a global energy balance and prints out the net energy gain over a complete
cycle divided by the enthalpy of the charge inducted. Errors of less than
one percent can be expected for motoring runs.

Specified burm rate firing runs were made on both the reciprocating
and rotating engine simulations, and the outputs checked against each
other. Again, the pressure traces were similar and no obvious
discontinuities existed. Cycle outputs such as volumetric efficiency,
indicated mean effective pressure, and exhaust energy were also
cross—-checked and found to be comparable. For the firing case the code
again provides a useful check on the program operation. The global energy
gain as a percentage of the fuel energy inducted should be on the order of

one percent for a converged cycle.
4.3 CREVICE AND LEAKAGE MODEL VALIDATION

To gain more detailed iaformation about the crevice and leakage model

behaviour a seaparats output file was created for this subprogram. In ord

[}

(14

to check this model a crevice volume of 2 cm3 per apex seal and a leakage

-

- sl 0
area oI . Im- per apex seal wer2 used. These values were taxa2n

rh

ron

experimental data and previous cocputer sipulations of the Wankel engzine.
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Cne gzood cuantitative check of the mcdel is that over the entire cvcle th
algebraic addicion oI leakage mass past each apex seal is zero (bv mass
conservation). A seccnd quantitative check is thas the crevice mass, and
compositicn should be the same fér both chambers at the crank angle where a
crevice transfers from one chamber to the other. It must be remembered
that the lead crevice which transfers out of the chamber at approximately
+500° 1s, as far as the program is concerned, the same as the lag crevice
that switches into the chamber at -2209. Also, at any crank angle that a
crevice transfers into or out of the chamber the pressure difference across
the appropriate apex seal and the leakage flow rate are zero. Qualitatively
the crevice volumes flatten out (vertically compress) the pressure trace
and leakage reduces peak pressure and advances the crank angle for peak

pressure.
4.4 HEAT TRANSFER VALIDATION

The total heat loss from a spark ignition engine is about one third of
the fuel energy input. Once the heat transfer subroutine had been debugged
the model predicted roughly this amount of heat loss. An additiocnal check
was made by comparing output from the original reciprocating engine
simulation to ensure that heat transfer rates were correct at least to an

order of magnitude.
4.5 MODEL CALIBRATICN

Once all the program code had been debugged and each new subprogranm
validated the submodel parameters required calibration so *ha: the model

would accurately predict the engine operating characteristics at different

[

loads and speeds. These parameters requiring calibration were leakag
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area, crevice volume, and heat transfer velocity. Finding appropriate
values for sach of these input variablss raquired matching computer output
wizth data supplied bv H.A.S.A. .

N.A.S5.A. has provided us with sufficient motoring engine data useful
for a preliminary calibration. However, a lack of data from a firing
engine makes the results discussed in the next chapter limited in scope.

Motoring data allows the matching of three engine operating
characteristics : . |
volume tric efficiency (mip)

peak pressure (Ppax)

crank angle at peak pressure (Opeak)

The calibration strategy was to select nine motoring runs made at three
engine speeds (1000, 2000, and 3,000 RPM ) and three throttle settings
(33%, 66% , and 100% open ) and construct altest matrix, (Table 4). The
model was then calibrated to match as closely as possible the data from the
median engine speed and throttle position. Computer runs were then made at
different speeds or throttle settings (four separate points) while the
model calibration parameters were held constant to check that the model

adequately matched engine data. A first attempt to match the data provided

good agreement with peak pressure, and volumetric efficiency at parametesr

values of
Verevice = 1,0 cmd per apex
Aleak = 0.004 cz3 per apex

1 -8R §
Velnop=fire = 0+3 Vrotor
However, the prassure at the end of intake was appraciably in error and

an effort was made to correct this prcblem.



4.5.1 INTAKZ PORT CPEN AREA

Table 3 shows the basic engine geometric information supplied by
N.A.S.A. for the Mazda test engine . The N.A.S.A. engine has been modified
by enlarging one of the two side ports. By comparing engine data and model
output that uses the intake port timings supplied, it can be seen that the
modelled port opens approximately 10 degrees later in the model, than in the
engine, as shown by the shift in the pressure drop that occurs as the port
opens (Fig. 18). Also the port closing time appears to be significantly
late. The intake port timings were advanced 10 crank angle degrees in the
model to match the port opening pressure trace but intake port close
pressure was still significantly low.

All attempts to match the intake port closing pressure while also
matching the other operating characteristics by varying the submodel
parame ters failed. The only method that aliowed a good match for all four
characteristics was by variation of the intake port closing profile.
Initially the intake port was assumed to open and close at a constant rate.
Once the experimental modification to the intake port became known the
closing profile was adjusted (Fig 19). To match prpc a set of exponential
profiles were used to close the extended portion of the port. The profile
which gave the best data fit is shown on the last figure. There appears to
be a discrepency between the intake port timing data provided, and the
input data that matches the pressure trace. This is a problem which should
be fairly easy to resolve by accurately measuring the intake port open area
profile on the engine. By using the exponential port closing profile the
intake pert is erffectively closed at =2.09, some 409 advanced frem the
reported value.

Because the port arza was reduced duriag the last stages c¢f induction,
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the reverse flow cut of the chamber was minimized and the velumetric
fficilency increased to a level significantlv higher than measursd. To

decrease the volumetric efiiciency the intake manifold pressure was

decreased by 2% and the leakage area and heat transfer velocity were

increased (Fig. 29).
4.5.2 FINAL MOTORING CALIBRATION

Because heat transfer and leakage had been increased from the values
reported above, in order to decreasg volume tric efficiency, the crevice
volume was reduced in order to match peak chamber pressure.

Verevice = 0.875 cmd per apex seal

Aleak = 0.010 cm? per apex seal

Velnon-fire = 0.75

Table 6 shows the computer output for the variables matched and the
relative error between predicted and measured values. No attempt was ﬁade
to match the crank angle at peak pressure for two reasons. First, at low
speeds the measured Opeak Was consistently after top dead center (TDC).
This is not reasonatle since it would recuire a net energy influx. The
second reason for not attempting to match @peak was the trend of the
measured values with RPM. For motored conditions Bpeak is strongly affected
by leakage and heat transfer, which are both time dependent erergy loss
mechanisms. The time dependence of both of these phenomena suggests that
at slower speeds epeak becomes further advanced as more energy Is lost due
to leakage and/or heat transfer.

This pradicted trend is opposite from the observed trand of lower
energy l1oss (2ven a net gain) with reduced engine speed. The reascn fcr

tnis behaviour of the data is not immediatelvy obvicus, although it could be
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explained by a speed dependent leakage area or experimental errors. The

(2]

act that 3peax Occured at + 0.5°% and + 1.5° consistently for engine
speeds o 1000 and 1500 RPM respectively, is an indication of at least scme
experimental error. The variable leakage area problem is currently being
evaluated by the N.A.S.A. researchers in a dynamic study of apex seal
motion. Leakage area may be increased at points in the cycle where the
apex seal possibly lifts off from the housing surface due to dynamic
forces. In the future, a variable leakage area may be included in the
model.

A comparison between predicted and measured pressure traces during
compression and expansion is shown in Fig. 21. Agreement is good except
through top dead center. During expansion, predicted pressures are
significantly below measured values. To check compression and expansion
pressures a normalized logarithmic plot of chamber pressure versus volume
was made (Fig. 22). The graph clearly shows that for all three engine
speeds the polytropic expansion exponent is not constant for the engine
data; in fact the measured chamber pressures at +180° are greater than or
equal to the chamber pressures at -180° (nominal intake port close).
During compression the measured polytropic constant also appears to change
appreciably. This behaviour may be due to pressure transducer calibration
problems, phasing difficulties with the angle indicator, or possibly very
high heat transfer or leakage rates in the engine.

To check the calibrated model four other motoring runs were made,
selecting a different speed or throcttle position than the run used for
calibration. The model was in good agreement with experimental data for
each of these runs except the 1cw speed case. Two other runs were zace at

1C00 RPM to see if the model problems were speed dependent only. For each



run at 1000 RPM the velumetric efficiency agreement was goed to excellent,
however, the predicted maxinum pressure was significantly higher thaa the
measurad value. This leads one to expect that the crevice volumes mav be
somewhat larger than the calibrated value as this would decrease peak

pressure without significantly affecting the volumetric efficiency or

epeak'
4.5.3 TFIRING CASE CALIBRATION

Only one cycle of firing data was available from N.A.S.A., which made
firing case calibration preliminary. The engine operating condition was
extremely throttled (112 open) at 2000 RPM. The equivalence ratio was
assumed to be 1.2 wh;ch is typical of throttled conditions for
reciprocating engines . While the calibration was necessarily limited by
the lack of engine data, matching the light ‘load engine data may provide
some useful insights into an operéting regime where the Wankel engine has
been criticized for poor fuel economy and high HC emissions. A parametric
study on the effects of reducing either crevice volume, heat transfer, or
leakage will identify the major causes of poor engine performance at light
load.

By varying the mass fraction burned equation (Eq. 2.25) variables, a
-fair agreement between predicted and weasured pressure traces was found
(Fig 23). There was no need to alter the léakage area for firing
conditions which both Danieli, and Eberle & Klowmp had reported. This is
possibly a result of using a constant gas temperature for the leakage gas.
The pressuras during excansion were somewhat low presumablv the conseguence

the transducer calibratien arrsr discussed above. The timing cf peax

[ Y

0
pressure was again advanced compared to the engine data, similar o the

motored pressure traces.



4.5.4 CMMZNTS CN CALIBRATION

Calibrarcion of the model indicates the Importance of various aspects

of the test enginé geome try and experimental data. These are:
a) Intake port timing and open area profile.
h b) Chamber pressure rise above intake manifold pressure before bottonm
center of the intake stroke
¢) Timing of peak pressure.
Once further information is available it will be possible to recalibrate

the model parameters.
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5.0 MOLEL RESULTS

Once the sizulation had been calibrated by using the experimental cata
a parametric study was conducted on the effects ¢f changes in heat transfer
rates, crevice volume, or leakage area on engine performance. Motoring
computer runs for this parametric study were all made at a baseline
operating point used to calibrate the model (2000 RPM, and 66% open
throttle setting). The firing case runs were made at the light load
setting available from N.A.S.A.. Since this firing case is extremely
throttled, the chamber pressures and temperatures are low, so crevice
volume effects can be expected to be.minimal in comparison to the
performance effects due to leakage and heat transfer. The results of this

study are presented in this chapter.
5.1 MOTORING

Motored engine data is used in research activities to determine,
approximately, the friction power of a given engine. Indicated power
losses are generally not included in the calculation. However, for motored
Wankel engines gas leakage between adjacent chambers is an apprsciable
power sink. The program's calculations may, therefore, be useful for

experimental research into the actual friction power loss of the engine.
5.1.1 MOTORING VOLUMETRIC EFFICIENCY

Figure 24 shows the effect of changing the submodel parameters on the
motored engine's volumetric efficiency. It can be seen that both heat
transfer and crevice volumes have little eifect on volumetric efficiency;

in fact the calidrated values for these parameters are near the point where
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they have the largest negative eflect upon the engine's breathing.
ncreasing heat transfer rates or crevice volumes to values larger than
calibrated, results in ccopression and expansicn pressures keing scmewhat
lowered. Consequently, a2 net reduction in leakage results in increased
volume tric efficiency. Decreasing heat transfer causes the residual gases
at the end of the cycle to be hotter, and therefore less dense. Therefore,
during intake the smaller mass of residual gas is cooled to a lower
temperature by the incoming charge. This results in a somewhat higher
volume tric efficiency and a lower residual fraction. The leakage area has

the greatest influence on volumetric efficiency.
S.1.2 MOTORING GROSS INDICATED MEAN EFFECTIVE PRESSURE

The significant effect of leakage on motoring engine power is shown in
Fig. 25 where the effect on motoring gross IMEP by varying the three
simulation parameters is shown. A reduction of 50% of motoring indicated
power is predicted by the model if leakage could be eliminated. Reducing
heat transfer would also have a significant effect on the motored engine's
power consumption. The crevice volume effect is negligible because the
working gas pressures and temperatures are too low for significant amounts

of heat transfer to occur within the crevice.
5.1.3 MAXIMUM PRESSURE AND 9PEAK

The compression expansion pressure traces for each variation in a
parame ter value are shewn in figures 26-28. The effects of the submodel
varizbles on maximum prassure and the angle where maxirum chamber prassure
is attained are shown in figures 29 and 30. Changing the crevice volume

size does not affect S,e,x Put does have a significant effect on maxizum



65

pressure without alteriag gross IMEP. During motoring the crevice volune
effect is guite svmmetrical about top dead center. 1t appears that for tﬁe
parameter values chosen crevice volumes have a greater effect on peak
prassure than heat transfer, because energy is lost during compression
while gas is pushed into the small volume; whereas convection heat transfer
to the chamber walls is concentrated over the period before and after top
dead center when gas temperatures are highest. Again, leakage is shown to
be the dominant loss mechanism during motoring. Leakage out of the chamber
occurs during compression and expansion so it has a large effect upon peak

pressure and advances 1t significantly.
5.2 FIRING

The parametric study for a firing engine was made at the throttled
operating condition for which experimental data was available. The chamber
pressures and temperatures for this load point are low so heat transfer
and, especially crevice volume losses are-expected“to be lower than for a
high load operating condition. Also, at faster engine speeds the crevice
volume losses will become a greater fraction of the total loss because of
the time dependence of heat transfer and leakage. Additionally, the
calibrated size of the crevice volume may be conservative as noted in

A

Chapter 4.
5.2.1 FIRING VOLUMETRIC EFFICIENCY

The efiects of parametric variation on volumetric efficiency show the
same trends as for the motcred engine with the excepticn of the zero heat
1

transfer case {(Fiz. 31). This resul< mar Se amplified as wall temperature

increases for high locad conditions. In a fired acdlabatic engine the
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residual gases at the end of exhaust are hotter than in a conventional
engine (Fig. 32) . The inccming fresh charge is heated by the residual
gases and the intake chamber walls provide no cooling so less fresh charge
is inducted. Crevice volumes have a negligible effect on volumetric

efficiency for this case.
5.2.2 FIRING GROSS INDICATED MEAN EFFECTIVE PRESSURE

Figure 33 shows the dominance of leakage as the primary performance
loss mechanism at light load. While power output is not a critical issue
at light load it is iastructive to note that a 36X gain in gross indicated
power could be realized by eliminating leakage from the engine. Reducing
the heat transfer coefficient has little effect on gross IMEP because any
gain due to reduced energy losses is offset by a reduction in volumetric
efficiency. The crevice volumes have negligible effect on engine power at

such light load because of the low peak pressures and gas temperatures.
5.2.3 UNBURNED FUEL ENERGY EXHAUSTED

The model predicts that at the light load condition tested, 3.75% of
the inducted fuel escapes to the exhaust chamber (Fig. 34). By reducing
the leakage area to zero the escaping fuel energy can be reduced as no
leakage path would exist for mass transfer between the high pressure
expansion chamber and the exhaust chamber. Some fuel is left unburned
because the crevice volumes withhold a significant amount of charge from
the combustion process. The figure shows the effect of reducing leakage

area or crevice volune on the fraction ¢f charge that escapes. 4 307

reduction is predicctad by the model 1f the crevice volumes are eliminated.
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while ccrplete elimination of leakage or crevice volume is impossible an

4
effort to reduce the size of the engine's crevice volumes should result in

large dacreases of Zuel energzgy loss and quite possibly a significant

reduction in HC emissions.
As the crevice volume model is designed to predict performance loss
only, its predictions cannot be strictly used to infer HC emissions data.

This is because unburned fuel that returns to the expansion or exhaust
This burn up phenomenon and the

chanber will partially burn in the engine.
other variables that influence HC emlssions are not included in the
the predicted data does provide insignt into the

simulation. However,
reduction of HC emission possible by reducing crevice volumes.

The model also predicts that reduced heat transfer will result in an

increased percentage of fuel energy leaving through the exhaust port.
There are two major causes for this, both relating to the induction phase.
that enters the

First, the residual gas fraction is lower, so the charge
dilute. Secondly,

crevice volumes before escaping from the chamber is less

the volumetric efficiency 1is lower but chamber pressures during compression
because of an

and early combustion are equivalent to the baseline case
Therefore, comparable amounts of gas escape
Since the

increased thermal efficiency .
but a larger fraction of the trapped mass leaves the chamber.

exhaust gases are hotter in an adiabatic engine, more partially burned
A turbocharger or

energy.

charge will oxidize in the exhaust chamber and manifold.
'lost'

compound device would recover this

5.2.4 RSSIDUAL FRACTION
a is

The effect of varying the submodel parameters on residual fraction
the

It can be seen that leakage area strongly affects

shown in Figure 33.
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light load residual fraction. Burned product leaks past the apex seal from
the exhaust chamber to the iantazke chamber and alsoc flows past the side
seals during coombustion which reaches the intake chamber as previouslw
explained. Reducing residual fraction in the Wankel could therefore result
in increased combustion stability which has been a problem for the engine
at light locad (23).

Reduced heat transfer also affects the residual fraction, due to the
lower density of the chamber contents at the end of exhaust. So less mass
remains in the chamber at the beginning of the induction phase.

Conversely, reduced crevice volume lowers the exhaust chamber temperatures

allowing more mass to reside in the clearance volume.
5.3 DISCUSSION

As was predicted, the major energy loss mechanism for motoring and
light load 1s the gas leakage problem which confirms the results of
previous work (5,19,20). Heat transfer was also found to have significant
influence on the engine's thermal and volumetric efficiency. These two
effects offset each other in an adiabatic engine (at light load) and no
change in gross IMEP is predicted. Crevice volumes have little effect on
engine performance or efficiency for motoring and light load conditions.
However, at higher speed and higher load conditions, crevice effects may

become important.
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6.0 SUMMARY AND CONCLUSIONS
6.1 SUMMARY

The purpose of this modelling study has been to construct a computer
simulation of a spark ignited, pre-mixed charge Wankel rotary engirne.
Since the model is to be used for preliminary studies on engine performance
characteristics and size requirements a zero—dimensional model using a
specified combustion rate was used. The model can also be Qsed to predict
the performance changes brought about by advances in engine design and
technology, such as the use of improved seal materials and/or insulative
ceramic components. An evaluation of crevice volumes in the Wankel engine
was undertaken which determined that their size and location are a possible
source of performance loss. A crevice volume model was included in the
simulation, for the first time in a model of the Wankel , to evaluate the
relative importance of the crevice volumes on the engine's performance.

Previous research has shown that Wankel engine performance and
efficiency is severely degraded by gas leakage between adjacent chambers.
Most earlier models have ignored side seal leakage as a mode of mass loss,
although side seal leakage has been documented to be one third of the total
leakage of gas from the engine. The program implicitly includes the effect
of side seal leakage by using the crevice gas compositions as the leakage
gas composition. This enables the model to leak burned and unburned gas
throughout the engine eycle as occurs in the real engine.

Tagine motcring data collected by N.A.S.A. researchers froa a Mazda
two rotor wankel engine was used to calibrate the submodel parameters. At

the presen: time cnly one, low load, data point fer a firing cycle Is
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available. Comparison ci engine data and aodel pradictions have shcwn scorme
significant discrepencies, especially during intake and expansion. Some of
these differences were reduced by changing the intake port timing and open
area profile. It 1s believed that the calibration of the expansion chamber
pressure trans&ucer aay be the cause of the discrepencies in the expansion
chamber pressure between engine data and model calculations. It should be
realized that running experimental and theoretical programs concurrently,
commonly results in a more thorough understanding of the results from both
efforts.

A clear need exiscts to'resolve questions concerning the intake port
timing. The possible errors in engine pressure data have made the
parame ter calibration values somewhat suspect and new data should be used
to recalibrate the model. A lack of firing data at high load and speei
points make any predictions about these opefating regimes impossible at the
present time. A light load engine data point was used to study the effacts
of crevice volumes, heat transfer, and leakage on engine performance at
this operating condition.

The calibration of the model for motoring data produced simulatic:
paranme ter values of:

Aleak = 1.0 m? per apex

Verevice = 0.875 cmd per apex

Velpon-fire = 0:75 (Vroeor)

There was generally good agreement bhetween mcdel and engine data at various
engine speeds and throttle settings. There was, however, & significant
error in the pradictsd value of peak pra2ssure az low engine speeds (10GCC
RPM). It Is believed that this last problem is due to a conservative

estimate ¢ crevice volume.
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A sensitivity study of the effects of changing leakage areas, crevice
volumes, andé heat transfer rates was done for motoring. At the zid speed
and throttle setting tested the leakage area has the strongest effect on
volumetric efficiency, gross indicated mean effective pressure, and maxizum
pressure. The crevice volumes had negligible effect on engine performance
but strongly affected maximum chamber pressure. Reducing heat transfer had
a negligible effect on volumetric efficiency but increased the mean
effective pressure by virtue of an increased thermal efficiency.

The same parametric study was performed on the light load firing case.
At light load the relative (to leakage) performance effects of heat
transfer and crevice volume are small. The model shows that gas leakage is
the primary source of performance loss at very light load, low volumetric
efficiency and a large amount of unburned fuel enmergy that escapes to the
exhaust results in a low IMEP. Burmned product leaking into the induction
chamber results in a higher residual fraction that could possibly cause
combustion stability problems.

Crevice volume effects had little impact on engine performance at this
light load. However, the crevice did strongly influence the amount of
unburned fuel enmergy that escapes to the exhaust. This is due to the
crevices storing unburned charge that eventually leaks out of the chamber.

The model's predictions for an adiabatic engine at light load are a
reduced volumetric eificiency, a reduced residual fraction, an increase in
therzal efficiency, an increase in the fuel energy that escapes to the

exhaust, and a large increase in the temperature of the exhaust gases.
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£.2 CCNCLUSIONS

It may be concluded that:

a) The cycle sinulation is behaving well and although some
discrepancies exist between predicted and measured data, the
problems can be resolved quickly.

b) The calibration, although preliminary, yielded some useful
information relative to the experimental data.

¢) The sensitivity study on the performance effects of the heat
transfer crevice volume and leakage models, showed that at
light loads and motoring conditions leakage has the greatest

effect upon engine performance.
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LOCATION SIZE
behind apeX $€al .s.iuiseeevecccvcosecacresancncses 0.746 cmd
beneath corner $eal sveeissescsvcocsscensncansees 0.093 cnd
side seal 1and «iesesvsrcncesvesaccsccssosnanese N.285 cm3
beneath side S€al ccveosecsectsorercnsasccnneoes 0.225 cmd
SPATKk PlUZ TECESS@S esesecescscscoseatonnsseenns N.142 cm3

Spark Plug thl’eads ® P s e0 0P 0CEPIERPOIOIOINLNGCEONAIEOIEDOCEOIEBROENRTDE

Table 3

location and size of crevice volumes in a model 12R

Mazda Wankel engine.



Thro<tle P 5 -
Se-xing 1C29 R™M 2052 RFM 2925 3™
Mip = €393 g mig 0.L06 m, = 0.353 g
30-33% Prax * 1%.02 ata Prax = 14.91 atm Poax * 13.27 atm
o o = - -]
®reax  *0-5 eax = -1+l ®eak 3.2
m, = 0.448 g min 0.469 g my,* 0.460 g
60-663 Pmax 14.44 atm Pmax 16.37 atm Pmax = 16.38 atm
o | ] = - <0
°peak +0.5 epeak -1.1 Qpeak 2.6
mi, * 0.436 g m;, * 0.476 g m;, = 0.475 g
100% Pmax 13.75 atm Pmax 16.56 atm Pmax = 16.59 atm
o o
Opeak +0.5 opeak -1.1 Opeak s -2.6°
Table 4. Motored engine test matrix with experimental data.




80

ENGINE GEOMETRY

Rotor radius .eseeesesecvcncccacosaonsnncccscnnsanses 10.5 cm
Eccentriclty sevecereecscsssessnsssssssssessenscnasee 1.5 cm
Housing depth seciveeecctcssrsrsrnosssscassscsasascas 7.0 cm
Compression Tatlo cisceevececerccscesrsescescnssnaness 9.4 11

DiSPlacement «esesesessssesacssasnscscssaveanse 573 cms x 2 rotors

INTAKE PORT DATA

Number of intake POTLS ceievevcessacssasssssssassses 2 per rotor
TOLALl QT8 «cevevercevscncscsanacasanscscnnsensses 13,8 cm? per rotor
POrLs 0OD@N AL ceecveesccessscstcsnsesccnsssrsssse = 520 (deg ATDC)
Larger port closes at .iviisvieesensscccnesnsese = 170 (deg ATDC)

smaller port closes at ceseessesssssesssscsssases = 230 (deg ATDC)

Table 5. Basic engine geometry as supplied by N.A.S.A.
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Figure 1. Side and end views of shaft and rotor showing

basic engine dimensions.
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Figure 2. Side view of rotor and housing detailing engine geometry.
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THREE PIECE APEX SEAL

APEX SEAL =

SPRINGS
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SIDE
SEAL

Figure 3, Exploded view of typical engine gas seals.
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Figure 4. Flow chart of reciprocating engine program indicating
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transforzation to a Wankel engine simulation.
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Figure 6. Schematic diagram depicting the coupling of three
engine chambers by leakage past the apex seals and the

two zone combustion model.
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for several engine geometries.
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Figure 8. Comparison ¢f true and approximate Wankel engine

surface area calculations.
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CREVICE VOLUME LOCATIONS:
BENEATH CORNER SEAL
BEHIND APEX SEAL —
SIDE SEAL LAND
BENEATH SIDE SEAL

ENLARGED VIEW OF APEX

Figure ll. Diagram of crevice volume locations in the Wankel engine.



93

"

N\ LN

= m;
nﬁ. %ﬁ.u# Iw ‘%///

AN
N
AN

\ N

-

/y/ TR
O TSHESEY R
/// //// \\\\V/&% V//L/

N\

Figure 12. A pictorial schematic ¢f crevice volures and leakage

gas flcws.



94

SPARK 2LLG
CREVICES

COMBUSTION - EXPANSION

SIDE CREVICE

APEX
SEAL
CREVICE

APEX
SEAL

\/

Figure 13. Schematic diagram of a sizulatifon that exglicitly

models all leakage paths and crevice volumes.
[
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Figure l4. Schematic dlagram of the crevice volume and leakage

zodel as used in the program.
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Figure 15. Motion of Apex seal as resultant pressure forces

reverse direction.
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Figure 21. Comparison of measured and calibrated cocpression-
expansion prassure trace for median engine speed

and throttle setting.
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Figure 24. Effect of parametric variation on motoring

volume tric efficiency.
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Figure 25. Effect of parametric variation oun motoring gross IMEP.
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Effect of reducing crevice volumes on compression =

expansion pressure trace (zotoring).
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Effect of reducing leakage area on compression -

expansion pressure trace (motoring).
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Effect of parametric variation on maximum
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Figure 30. Effect of parametfic variation on motoring 8peak-
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Effect of parametric variation on firing

volumetric efficiency.
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Figure 32. Effect of parametric variation on mean exhaust

gas temperature at light load.
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Effect of parametric variation on unburned fuel

energzy escaping to exhaust at light load.
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Figure 35. Effect of parametric variation on residual gas

- ' fraction at light load.



